Introduction
During 2013 and 2014, numerous international (IPCC, 2013) and national Gordon, 2014) reports have concluded that human activities are changing the climate, leading to increased vulnerability and risk. Since the industrial revolution, fossil fuel burning, industrial activity, and land use changes have led to a 40% increase in heat-trapping carbon dioxide (CO 2 ), and an approximately 150% increase in methane (CH 4 ), another powerful greenhouse gas (GHG), has been observed. Global temperatures have increased by close to 1°C since 1880 as the upper oceans have warmed and polar ice has retreated. These and other climate changes are projected to accelerate as greenhouse gas concentrations continue to rise.
In the coming decades, climate change is extremely likely to bring warmer temperatures in the New York metropolitan region (see Box. 1.1 and Fig.1 .1 for key definitions and terms). Heat waves are very likely to increase; total annual precipitation will likely increase and brief, intense rainstorms are very likely to increase.
a Lead authors.
Because of incomplete knowledge about exactly how much climate change will occur, choosing among policies for reducing future damages requires prudent risk management (Yohe and Leichenko, 2010; Kunreuther et al., 2013) . Given differing risk tolerances among stakeholders, a risk management approach allows for a range of possible climate change outcomes to be examined with associated uncertainties surrounding their likelihoods.
The New York City Panel on Climate Change 2 (NPCC2) projections can be used to inform planning across multiple governmental scales (e.g., city, county, state) in the New York metropolitan region. Such coordinated efforts can serve as test cases for successful local, state, and federal coordination for integrated climate adaptation initiatives.
This chapter describes the global climate system, and presents observed temperature and precipitation trends and projections for the region. Chapter 2 (NPCC, 2015) focuses on sea level rise and possible changes in coastal storms. Chapter 3 and Chapter 4 (NPCC, 2015) describe efforts to better understand the region's vulnerability to coastal flooding during coastal storms.
The treatment of likelihood related to the NPCC projections is similar to that developed by the Intergovernmental Panel on Climate Change Fourth and Fifth Assessment Reports (IPCC, 2007; , with six likelihood categories (Box 1.1 and Fig. 1.1 ). The assignment of climate hazards to these categories is doi: 10.1111/nyas.12586 radiation (shortwave radiation) is partly absorbed, partly scattered, and partly reflected by gases in the atmosphere, by aerosols, by the Earth's surface, and by clouds. The Earth reemits the energy it receives from the sun in the form of longwave, or infrared, radiation.
Under equilibrium conditions, there is an energy balance between the outgoing terrestrial longwave radiation and the incoming solar radiation. Without the presence of naturally occurring GHGs in the atmosphere, this balance would be achieved at temperatures of approximately −33°F (−18°C). An atmosphere containing GHGs is relatively opaque to terrestrial radiation. Such a planet achieves radiative balance at a higher surface temperature than it would without GHGs. On Earth, the increase in GHG concentrations due to human activities such as fossil fuel combustion, cement making, deforestation, and land use changes has led to a surface warming of almost 1.8°F (1°C) and a range of climate changes including upper ocean warming, and loss of land and sea ice. Key components of Earth's radiative balance are illustrated in Figure 1 .3.
In the 2013 Fifth Assessment Report (IPCC AR5), the IPCC documented a range of observed climate trends. Global surface temperature has increased about 1.5°F (0.85°C) since 1880. Both hemispheres have experienced decreases in net snow and ice cover, and global sea level has risen by approximately 0.5 to 0.7 inches (1.3 to 1.7 cm) per decade over the past century . More recently, since the 1990s, the global sea level rise rate has accelerated to approximately 1.3 inches (3.2 cm) per decade (see Chapter 2, NPCC, 2015, for New York metropolitan region sea level rise observations and projections). Droughts (in regions such as but not limited to the Mediterranean and West Africa) have grown more frequent and longer in duration. In the United States, Canada, and Mexico (as well as other regions), intense precipitation events have become more common. Hot days and heat waves have become more frequent and intense, and cold events have decreased in frequency. The upper oceans have warmed and become more acidic (IPCC, 2013) . As temperatures have warmed in the atmosphere and ocean, biological systems have responded as well; for example, spring has been arriving earlier, and fall has been extending later into the year, in many mid-and high-latitude regions (IPCC, 2014) .
The IPCC AR5 states that there is a greater than 95% chance that warming temperatures since the mid-20th century are primarily due to human activities. Atmospheric concentrations of the major GHG carbon dioxide (CO 2 ) are now approximately 40% higher than in preindustrial times. Concentrations of other important GHGs, including methane (CH 4 ) and nitrous oxide (N 2 O), have increased by close to 150% and close to 20%, respectively, since preindustrial times. The warming that occurred globally over the 20th century cannot be reproduced by GCMs unless human contributions to historical GHG concentrations are taken into account ( Fig. 1.4) .
Further increases in GHG concentrations are extremely likely to lead to accelerated temperature increases. Depending on these future emissions and concentrations, by the 2081 to 2100 time period, global average temperatures are projected to increase by 2.0°F to 4.7°F (1.1°C to 2.6°C) or as high as 4.7°F to 8.6°F (2.6°C to 4.8°C) c (IPCC, 2013) . The large range is due to uncertainties both in future GHG concentrations and the sensitivity d of the climate system to GHG concentrations. Warming is projected to be greatest in the high latitudes of the northern hemisphere. Throughout the globe, land areas are generally expected to warm more than ocean regions.
High-latitude precipitation is projected to increase in both hemispheres, while many dry regions at subtropical latitudes, such as the Mediterranean region, are projected to become drier.
Globally, it is virtually certain that the hottest temperatures will increase in frequency and magnitude, and the coldest temperatures will decrease in frequency and magnitude, although there could be regional exceptions . Both land ice and sea ice volumes are projected to decrease. Ocean acidification is projected to increase as CO 2 concentrations rise.
Observed local climate
This section describes the critical climate hazards related to temperature and precipitation in the New York metropolitan region. For sea level and coastal storms, see Chapters 2 and 4 (NPCC, 2015). Both c Estimates based on RCP 4.5 and RCP 8.5. d Climate sensitivity is defined by the IPCC (IPCC, 2007) as the equilibrium or final increase in global temperature associated with a doubling of CO 2 from preindustrial levels. More generally, sensitivity refers to how much climate change is associated with a given climate-forcing agent, such as CO 2 . mean (e.g., annual averages) and extreme (e.g., heavy downpours) quantities are presented. Observations for New York City are placed in a broader context because trends over large spatial scales (regional, national and global) are an important source of predictability with respect to New York City's future climate.
Temperature
Summers in New York City are warm, with cool winters. Annual mean air temperature in New York City (using data from the Central Park weather station) was approximately 54°F from 1971 to 2000. Mean annual temperature has increased at a rate of 0.3°F per decade over the 1900 to 2013 period in Central Park, although the trend has varied substantially over shorter periods ( Fig. 1.5 ). For example, the first and last 30-year periods were characterized by warming (0.38°F per decade and 0.79°F per decade, respectively), whereas the middle segment experienced negligible cooling (−0.04°F per decade). This absence of warming in the middle of the 20th century is evident nationally and globally as well and has been linked to a combination of high sulphate aerosol emissions (a cooling factor) and natural variability.
The temperature trend since 1900 for the New York metropolitan region is broadly similar to the trend for the northeast United States (Fig. 1.6 ). a trend toward higher temperatures, especially in recent decades. This trend is present in both rural and urban weather stations, so it cannot be explained by the urban heat island effect.
f Precipitation New York City experiences significant precipitation throughout the year, with relatively little variation from month to month in the typical year. Annual average precipitation ranges between approximately 43 and 50 inches, depending on the location within the city. Precipitation has increased at a rate of approximately 0.8 inches per decade from 1900 to 2013 in Central Park ( Fig. 1.7) .
Year-to-year (and multiyear) variability of precipitation has also become more pronounced, Maryland, Massachusetts, New Hampshire, New Jersey, New York, Pennsylvania, Rhode Island, Vermont, and West Virginia (NCA; Horton et al., 2014) . f Urbanization is often associated with elevated surface air temperature, a condition referred to as the urban heat island (UHI). Urban centers and cities are often several degrees warmer than their surrounding areas. Because of the low albedo (reflectivity) of urban surfaces (such as dark rooftops and asphalt roadways) and reduced evapotranspiration, cities "trap" heat (Blake et al., 2011, and references therein) . The future projections described in this chapter primarily reflect the influences of global processes. New York City's long-term baseline surface temperature is higher than those of surrounding areas in part due to the urban heat island effect, but the UHI cannot explain New York City's long-term warming trend.
especially since the 1970s. The standard deviation, a measure of variability, increased from 6.1 inches from 1900 to 1956 to 10.3 inches from 1957 to 2013.
Precipitation in many parts of the larger Northeast region has also increased since the 1900s ( Fig. 1.8 ). However, this long-term trend in the Northeast generally cannot be distinguished from natural variability.
Extreme events
Both temperature and precipitation extremes have significant impacts on New York City. When a single climate variable or combinations of variables approach the tails of their distribution, this is referred to as an extreme event (see Fig. 1 .9 for an example of how an extreme is defined). Extreme precipitation timescales are highly asymmetrical: heavy precipitation events generally range from less than an hour to a few days, whereas meteorological droughts can range from months to years. With its location in the midlatitudes, New York City frequently experiences heat waves in summer and periods of cold weather in winter.
Trends in extreme events at local scales such as the New York metropolitan region are often not statistically significant due to high natural variability and limited record length . However, some changes in extreme events (such as daily maximum and minimum temperatures and There has been a small but not statistically significant trend toward more extreme precipitation events in New York City since 1900. For example, the four years with the greatest number of events with 2 inches or more of rain have all occurred since 1980 (1983, 1989, 2007, and 2011) . Because extreme precipitation events tend to occur relatively infrequently, long time-series of measurements over large areas are needed to identify trends; there is a relatively large burden of proof required to distinguish a significant trend from random variability. Over the larger Northeast region, intense precipitation events (defined as the heaviest 1% of all daily events) have increased by approximately 70% over the period from 1958 to 2011 .
Climate projections
This section presents New York City-specific climate projections for the 21st century along with the methods used to develop the projections. Quantitative global climate model-based projections are provided for means and extremes of temperature and precipitation. This section also describes the potential for changes in other variables (e.g., heat indices and heavy downpours) qualitatively because quantitative projections are either unavailable or considered less reliable. See Appendices I and IIA for infographics of the projections and further details.
Uncertainty and risk management
Scientific understanding of climate change and its impacts has increased dramatically in recent years. Nevertheless, there remain substantial uncertainties that are amplified at smaller geographical scales (Box 1.3) (IPCC, 2007; .
The NPCC2 seeks to present climate uncertainties clearly in order to facilitate risk-based decisionmaking for the use of policy tools such as incentives, regulations, and insurance. The goal is to make New York City and the surrounding metropolitan reigon more resilient to mean changes in climate and to future extreme events (e.g., Lempert et al., 1996; Kunreuther et al., 2013) .
Methods
The NPCC2 generates a range of climate modelbased outcomes for temperature and precipitation from GCM simulations based on two representative concentration pathways (Moss et al., 2010) . The RCPs represent a range of possible future global concentrations of GHGs, other radiatively important agents such as aerosols, and land use changes over the 21st century. Simulation results from 35 GCMs are used to produce temperature and precipitation projections for the New York metropolitan region.
For some variables, climate models do not provide results, the model results are too uncertain, or there is not a long-enough history of observations to justify quantitative model-based projections. For these variables, a qualitative projection of the likely direction of change is provided on the basis of expert judgment. Both the quantitative and qualitative approaches parallel methods used in the IPCC AR5 report (IPCC, 2013) .
Global climate models.
GCMs are mathematical representations of the behavior of the Earth's climate system over time that can be used to estimate the sensitivity of the climate system to changes in atmospheric concentrations of GHGs and aerosols. Each model simulates physical exchanges among the ocean, atmosphere, land, and ice. Over the past several decades, climate models have increased in both complexity and computational power as physical understanding of the climate system has grown.
The GCM simulations used by the NPCC2 are from the Coupled Model Intercomparison Project Phase 5 (CMIP5; Taylor et al., 2011) and were developed for the IPCC AR5. Compared to the previous climate model simulations from CMIP3 used in the first NPCC (NPCC, 2010), the CMIP5 models generally have higher spatial resolution and include more diverse model types (Knutti and Sedlacek, 2013) .
The CMIP5 global climate models include some Earth system models that allow interactions among chemistry, aerosols, vegetation, ice sheets, and biogeochemical cycles (Taylor et al., 2011) . For example, warming temperatures in an Earth system model lead to changes in vegetation type and the carbon cycle, which can then "feed back" on temperature, either amplifying (a positive feedback) or damping (a negative feedback) the initial warming. There have also been a number of improvements in model-represented physics and numerical algorithms. Some CMIP5 models include better treatments of rainfall and cloud formation that can occur at small "subgrid" spatial scales. These and other improvements have led to better simulation of many climate features, such as Arctic sea ice extent (Stroeve et al., 2012) .
Local projections. Local projections are based on GCM output from the single land-based model grid box i covering the New York metropolitan region.
i GCMs divide the Earth into a series of grid boxes, which represent the finest spatial resolution of the climate model. In each grid box, physical equations (e.g., of motion and moisture conservation) are solved to determine the evolution of the climate in space and time.
Box 1.2. The polar vortex and climate change
The winter of 2013/2014 serves as a timely reminder that unusually cold conditions can still be expected to occur from time to time as the climate warms, especially at regional and local scales. Cold conditions extended throughout the Eastern United States, where the Great Lakes reached their second highest ice cover amount in the 41-year satellite record. However, averaged over the continental United States, cold conditions in the East were largely canceled out by warm conditions in the Western United States, where a few states experienced their warmest winter on record. Globally, 2013 tied for the fourth warmest year on record (NOAA, 2013) . The planet has not experienced a month with below-normal temperatures since February 1985.
The fact that global temperatures continue to climb as GHG concentrations continue to rise does not rule out the possibility that individual regions could cool or that weather could become more extreme in either direction. An emerging body of observational and modeling studies (e.g., Liu et al., 2012) is investigating whether rapid reduction in Arctic sea ice could be producing a wavier jet stream characterized by more, and more persistent, weather extremes. This is an active research topic [counterarguments have been made by Screen and Simmonds (2013) and Wallace et al. (2014) , for example]. However, the potential consequences are large, given the expected continued retreat of Arctic sea ice (Liu et al., 2013) and the high societal vulnerability to climate extremes.
The precise coordinates of the grid box vary from GCM to GCM because GCMs differ in spatial resolution (i.e., the unit area over which calculations are made). These spatial resolutions range from as fine as ß50 miles by ß40 miles (80 by 65 km) to as coarse as ß195 miles by ß195 miles (315 by 315 km), with an average resolution of approximately 125 miles by 115 miles (200 by 185 km). The changes reported by the NPCC2 in temperature and precipitation through time (e.g., 3 degrees of warming by a given future time period) are specific to the New York metropolitan region. The spatial area of applicability of the NPCC2 projections is larger for mean changes in temperature and precipitation than for the number of days exceeding extreme event thresholds. The mean changes in temperature and precipitation generally apply across at least a 100-mile land radius. For example, the precise quantitative mean temperature and precipitation change projections for Philadelphia (approximately 78 miles from Manhattan) and New Haven (approximately 70 miles from Manhattan) differ only slightly from those for New York City (i.e., ±4%).
j These small differences are well within the bounds j Spatial variation in mean temperature and precipitation projections across these three cities is based on the comof the climate uncertainty in any long-term projections.
Similarly, the qualitative projections for changes in extreme events (such as heat indices and extreme winds) are expected to be generally applicable across an approximately 100-mile radius. However, the quantitative projections of changes in the frequency of extreme event thresholds (e.g., days over 90°F) can be highly variable spatially, even within the confines of a city itself. For example, there is large spatial variation in the number of days over 90°F across the region as a result of factors such as the urban heat island and the distance from the Atlantic Ocean. The percentage change in the number of days over 90°F is variable as well (Meir et al., 2013) .
Although the NPCC2 projections for total sea level change are applicable for the New York metropolitan region (see Chapter 2, NPCC, 2015), projected changes in flood extent will vary substantially within the 100-mile radius, and within the city itself, as shown in the NPCC2 coastal flood maps (Chapter 3, NPCC, 2015) . This is primarily because coastal topography differs throughout the region; The NPCC2 has also provided climate projections for 2100. Projections for 2100 require a different methodological approach from the 30-year time slices discussed above. The primary difference is that because the majority of climate model simulations end in 2100, it is not possible to make a projection for the 30-year time slice centered on the year 2100. Projections for 2100 are an average of two methods that involve adding a linear trend to the final time slice (2080s) and extrapolating that trend to 2100 (see Appendix IIA).
Uncertainties grow over the timeframe of the NPCC projections toward the end of the century (Box 1.3). For example, the RCPs do not sample all the possible carbon and other biogeochemical cycle feedbacks associated with climate change. The few Earth system models in CMIP5 used by the NPCC2 could possibly underestimate the potential for increased methane and carbon release from the thawing Arctic permafrost under extreme warming scenarios. More generally, the potential for surprises, such as technological innovations that could remove carbon from the atmosphere, increases the further into the future one considers.
Model-based probability. The combination of 35 GCMs and two RCPs produces a 70 (35 × 2)-member matrix of outputs for temperature and precipitation. For each time period, the results conk Thirty-year time slices are required to minimize the effects of natural variability, which is largely unpredictable. For sea level rise (see Chapter 2), 10-year time slices are sufficient due to smaller natural variability. stitute a climate model-based range of outcomes, which can be used in risk-based decision-making. Equal weights were assigned to each GCM and to each of the two selected RCPs.
The results for future time periods are compared to the climate model results for the baseline period (1971 to 2000) . Mean temperature change projections are calculated via the delta method, a type of bias-correction l whereby the difference between each model's future and baseline simulation is used, rather than "raw" model outputs. The delta method is a long-established technique for developing local climate-change projections (Gleick, 1986; Arnell, 1996; Wilby et al., 2004; Horton et al., 2011) . Mean precipitation change is similarly based on the ratio of a given model's future precipitation to that of its baseline precipitation (expressed as a percentage change m ).
Methods for projecting changes in extreme events. The greatest impacts of extreme temperature and precipitation (with the exception of drought) occur on daily rather than monthly timescales. Because monthly output from climate models is considered more reliable than daily output (Grotch and MacCracken, 1991) , the NPCC2 uses a hybrid projection technique for extreme events. Modeled changes in monthly temperature and precipitation are based on the same methods described for the annual data. Monthly changes through time in each of the GCM-RCP combinations are then applied (added in the case of degrees of temperature change and multiplied in the case of percentage change in precipitation) to the observed daily 1971 to 2000 temperature and precipitation data from Central Park to generate 70 time-series of daily data. This simplified approach to projections of extreme events does not account for possible changes in l Bias correction is a standard practice when climate model outputs are used because long-term changes through time are considered more reliable than actual values, especially when an area like the New York metropolitan region, that is smaller than the size of a climate model grid box, is assessed.
m
The ratio approach is used for precipitation because it minimizes the impact of climate model biases in average baseline precipitation, which can be large for some models at monthly scales.
Box 1.3. Sources of uncertainty in climate projections
Sources of uncertainty in climate projections include:
Future concentrations of GHGs, aerosols, black carbon, and land use change. Future GHG concentrations will depend on population and economic growth, technology, and biogeochemical feedbacks (e.g., methane release from permafrost in a warming Arctic). Multiple emissions scenarios and/or RCPs are used to explore possible futures.
Sensitivity of the climate system to changes in GHGs and other "forcing" agents. Climate models are used to explore how much warming and other changes may occur for a given change in radiatively important agents. The direct temperature effects of increasing CO 2 are well understood, but models differ in their feedbacks (such as changes in clouds, water vapor, and ice with warming) that determine just how much warming ultimately will occur. A set of climate models is used to sample the range of such outcomes.
Regional and local changes that may differ from global and continental averages. Climate model results can be statistically or dynamically downscaled (e.g., using regional models embedded within global models), but some processes may not be captured by existing downscaling techniques. Examples include changes in land-sea breezes and the urban heat island effect on a warming planet.
Natural variability that is largely unpredictable, especially in midlatitude areas such as the New York metropolitan region. As a result, even as increasing GHG concentrations gradually shift weather and climate, random elements will remain important, especially for extreme events and over short time periods (e.g., a cold month). Chaos theory has demonstrated that natural variability can be driven by small initial variations that amplify thereafter. Other sources of natural variability include the El Niño Southern Oscillation and solar cycles. Averaging short-term weather over long periods of time (e.g., 30 years) can average out much of the natural variability, but it does not eliminate it entirely.
Observations include uncertainties as well. Sources of observational uncertainty include poor siting of weather stations, instrument errors, and errors involved in the processing of data using models. submonthly variability over time, which are not well understood.
Projections for the New York metropolitan region
This section presents climate projections for the 2020s, 2050s, 2080s, and 2100 for temperature, precipitation, and extreme events.
Mean annual changes. Higher temperatures are extremely likely for the New York metropolitan region in the coming decades. All simulations project continued increases through the end of this century. Most GCM simulations indicate small increases in precipitation, but some do not. Natural precipitation variability is large; thus, precipitation projections are less certain than temperature projections.
Future temperature. The projected future temperature changes shown in Table 1 .1 and Figure 1 .10 indicate that by the 2080s, New York City's mean temperatures throughout a "typical" year may bear similarities to those of a city like Norfolk, Virginia, today. The middle range of projections show temperatures increasing by 2.0°F to 2.8°F by the 2020s, 4.0°F to 5.7°F by the 2050s, and 5.3°F to 8.8°F by the 2080s. By 2100, temperatures may increase by 5.8°F to 10.3°F. Temperature increases are projected to be comparable for all months of the year.
The two RCPs project similar temperature changes up to the 2020s; after the 2020s, temperature changes produced by RCP 8.5 are higher than those produced by RCP 4.5. It takes several decades for the different RCPs to produce large differences in climate due to the long lifetime of GHGs in the atmosphere and the inertia or delayed response of the climate system and the oceans especially.
Future precipitation. Table 1 .1 indicates that regional precipitation is projected in the middle range to increase by approximately 1-8% by the +2 percent +5-13% +19% 2100 −6 percent −1% to +19% +25%
Note: Based on 35 GCMs and two RCPs. Baseline data cover the 1971-2000 base period and are from the NOAA National Climatic Data Center (NCDC). Shown are the low estimate (10th percentile), middle range (25th percentile to 75th percentile), and high estimate (90th percentile). These estimates are based on a ranking (from most to least) of the 70 (35 GCMs times 2 RCPs) projections. The 90th percentile is defined as the value that 90 percent of the outcomes (or 63 of the 70 values) are the same or lower than. Like all projections, the NPCC climate projections have uncertainty embedded within them. Sources of uncertainty include data and modeling constraints, the random nature of some parts of the climate system, and limited understanding of some physical processes. The NPCC characterizes levels of uncertainty using state-of-the-art climate models, multiple scenarios of future greenhouse gas concentrations, and recent peer-reviewed literature. Even so, the projections are not true probabilities and the potential for error should be acknowledged.
2020s, 4-11% by the 2050s, and 5-13% by the 2080s. By 2100, projected changes in precipitation range from −1 to +19%. In general, the projected changes in precipitation associated with increasing GHGs in the global climate models are small relative to year-to-year variability. Figure 1 .11 shows that precipitation is characterized by large historical variability, even with 10-year smoothing. One example is the New York metropolitan region's multi-year drought of record in the 1960s. Precipitation increases are expected to be largest during the winter months. Projections of precipitation changes in summer are inconclusive, with approximately half the models projecting precipitation increases and half projecting decreases (see Appendix IIA for seasonal projections).
Future extreme events.
Despite their brief duration, extreme events can have large impacts on New York City's infrastructure, natural systems, and population. This section describes how the frequencies of heat waves, cold events, and intense precipitation in the New York metropolitan region are projected to change in the coming decades. The extreme event projections shown in Table 1 .2 are based on observed data for Central Park.
Future heat waves and cold events. The total number of hot days, defined as days with a maximum temperature at or above 90°F or 100°F, is expected to increase as the 21st century progresses (Table 1. 2). By the 2020s, the frequency of days at or above 90°F may increase by more than 50% relative to the 1971 to 2000 base period; by the 2050s, the frequency may more than double; by the 2080s, the frequency may more than triple. Although 100°F days are expected to remain relatively rare, the percentage increase in their frequency of occurrence is projected to exceed the percentage change in days at or above 90°F.
The frequency and duration of heat waves, defined as three or more consecutive days with maximum temperatures at or above 90°F, are very likely to increase. In contrast, the frequency of extreme cold events, defined as the number of days per year with minimum temperatures at or below 32°F, is projected to decrease approximately 25% by the . Like all projections, the NPCC climate projections have uncertainty embedded within them. Sources of uncertainty include data and modeling constraints, the random nature of some parts of the climate system, and limited understanding of some physical processes. The NPCC characterizes levels of uncertainty using state-of-the-art climate models, multiple scenarios of future greenhouse gas concentrations, and recent peer-reviewed literature. Even so, the projections are not true probabilities and the potential for error should be acknowledged. 2020s, more than 33% by the 2050s, and approximately 50% by the 2080s. Future extreme precipitation. Although the percentage increase in annual precipitation is expected to be relatively small, larger percentage increases are expected in the frequency, intensity, and duration of extreme precipitation (defined in this report as at least 1, 2, or 4 inches) at daily timescales (Table  1. 2). Because some parts of New York City, including parts of coastal Brooklyn and Queens, currently experience significantly fewer extreme precipitation days than does Central Park, they may experience fewer extreme precipitation days than those shown in the table for Central Park in the future as well.
Qualitative extreme events. For some of the extreme climate events, future changes are too uncertain at local scales to allow quantitative projections. For example, the relationships between short duration extreme precipitation events and different types of storms, and between droughts and temperature/precipitation, are complex. For these, the NPCC makes qualitative projections based on scientific literature and expert judgment (Table 1. 3). By the end of the century, heat indices n are very likely to increase, both directly due to higher temperatures and because warmer air can hold more moisture. The combination of high temperatures and high humidity can produce severe additive effects by restricting the human body's ability to cool itself and thereby induce heat stress (see Chapter 5, NPCC, 2015) . Downpours, defined as intense precipitation at subdaily, and often subhourly, timescales, are very likely to increase in frequency and intensity. Changes in lightning are currently too uncertain to support even qualitative statements.
By the end of the century, it is more likely than not that late-summer short-duration droughts will increase in the New York metropolitan region (Rosenzweig et al., 2011) . It is unknown how multiyear drought risk in the New York metropolitan region may change in the future.
n The heat index (HI) or "apparent temperature" is an approximation of how hot it "feels" for a given combination of air temperature and relative humidity (American Meteorological Society, 2013) . Price and Rind, 1994 As the century progresses, snowfall is likely to become less frequent, with the snow season decreasing in length (IPCC, 2007) . Possible changes in the intensity of snowfall per storm are highly uncertain. It is unknown how the frequency and intensity of ice storms and freezing rain may change.
Conclusions and recommendations
Projections for the New York metropolitan region from the current generation of global climate models indicate large climate changes and thus the potential for large impacts. In the coming decades, the NPCC projects that climate change is extremely likely to bring warmer temperatures to New York City and the surrounding region. Heat waves are very likely to increase. Total annual precipitation is likely to increase, and brief, intense rainstorms are very likely to increase. It is more likely than not that short-duration, end-of-summer droughts will become more severe. Although there remain significant uncertainties regarding long-term climate change, these projections would move the city's climate outside what has been experienced historically.
This chapter offers critical information that can be used to support resiliency, but a central message is that the high-end scenarios of extreme warming may challenge even a great city like New York's adaptive capacity. The best steps to avoid extreme warming are to ramp up the reductions in GHG emissions already undertaken in New York City (City of New York, 2014). Although GHG emissions are a global issue, New York City's leadership on emissions reduction in the United States and internationally is crucially important.
Although the NPCC has a growing understanding of how the city as a whole may be affected by climate change, more research is needed on neighborhoodby-neighborhood impacts. Neighborhood-and building-level indicators and monitoring (see Chapter 6, NPCC, 2015) of temperature, precipitation, air quality, and other variables will be critical in the era of "big data." High-resolution regional climate modeling will also illuminate how projected changes vary throughout the city due to factors including coastal breezes, topography, and different urban land surfaces.
The NPCC risk-based approach emphasizes a range of possible outcomes and lends itself to updated projections as new information and climate model results become available. Such updates are essential as the science of climate change advances.
Introduction
New York City's low-lying areas are home to a large population, critical infrastructure, and iconic natural, economic and cultural resources. These areas are currently exposed to coastal flooding by warmseason tropical storms such as Hurricane Sandy a (Box 2.1) and cold-season nor'easters. Sea level rise increases the frequency and intensity of coastal flooding. For example, the ß12 inches of sea level rise in New York City since 1900 may have expanded Hurricane Sandy's flood area by approximately 25 square miles, flooding the homes of more than 80,000 additional people b in New York and New Jersey alone (Climate Central 2013, as reported in Miller et al., 2013; see also Chapter 3, NPCC, 2015) .
This chapter presents an overview of observed sea level rise and coastal storms for the New York metropolitan region, sea level rise projection methods and results, coastal storm projections, and recommendations for future research.
a We hereafter refer to Sandy as a hurricane or tropical cyclone, although it also can be referred to as a hybrid storm. The storm completed its transition to an extratropical storm just prior to making landfall in New Jersey (Blake et al., 2013) . b Relative to the number of people who would have experienced flooding in the absence of the ß12 inches of sea level rise since 1900.
Observed changes
This section describes observed sea level rise and coastal storms.
Sea level rise
Since 1900, the global rate of sea level rise has averaged 0.5 to 0.7 inches per decade (Church et al., 2013; Church and White, 2011) . As with temperature, the long-term upward trend in sea level has varied over the decades. For example, there were lower rates of increase during the early part of the 20th century and much of the 1960s and 1970s; sea level rise increased more rapidly during the 1930s through the 1950s. Since 1993, satellite observations and tide gauges show a global sea level rise of ß1.3 ± 0.1 inches per decade (Church et al., 2013; Nerem et al., 2010) . There may be a small, yet statistically significant global sea level acceleration of 0.004 ± 0.002 inches per decade between 1900 and 2009 (Church and White, 2011) .
There are multiple processes that contribute to sea level rise, including changes in ocean mass distribution and density; changes in the mass of glaciers, ice caps, and ice sheets; water storage on land; vertical land movements; and gravitational, elastic, and rotational effects resulting from ice mass loss. Historically, the majority of the observed rise in global mean sea level has been attributed to thermal expansion. More recently, the contribution of land-based ice loss to global mean sea level rise has begun to rival that of thermal expansion .
Each of these processes has a unique local signature. Sea level rise in New York City has averaged 1.2 inches per decade since 1900 (Fig. 2.1 (Blake et al., 2013) and $70 billion in losses (NOAA, 2013) . About half of the deaths occurred in the Caribbean and half in the United States, including 44 in New York City (Blake et al., 2013 ). Sandy's 14.1-foot elevation (above mean low low water; MLLW) set the record at the Battery tide gauge (Blake et al., 2013) . Several factors caused the extreme surge. Sandy's minimum pressure was the lowest ever recorded c at landfall north of Cape Hatteras, NC. With a tropical storm-force wind field of close to 1000 miles in diameter, Sandy was among the largest storms as well. Hurricane Sandy's unusual westward-turning track also concentrated storm surge, wind, and waves in the New York metropolitan region. Part of the extensive coastal flooding was due to the fact that Sandy's peak surge coincided with high tide. This is nearly twice the observed global rate. In New York City, approximately 40% of the observed sea level rise is due to land subsidence, d with the remaining sea level rise driven by climaterelated factors (Peltier, 2004; Engelhart and Horton, 2012) .
A faster rate of local New York City sea level rise has also been observed in recent decades relative to earlier in the 20th century. Tide gauges along the Atlantic coast show a distinct regional sea level acceleration "hotspot" from Cape Cod to Cape Hatteras since the early 1990s (Sallenger et al., 2012; Boon, 2012; Ezer and Corlett, 2012) , although the acceleration is still too short to attribute to climate change because of high interannual-multidecadal ocean variability (Kopp, 2013) .
Coastal storms
The two types of storms with the largest influence on the coastal areas of the New York metropolitan region are tropical cyclones (hurricanes and tropical storms) and nor'easters. Tropical cyclones strike New York City very infrequently, generally between July and October, and can produce large storm surges and wind damage (Lin et al., 2010) . Nor'easters, which tend to occur during the cold season (November to April), are generally associated with smaller surges and weaker winds than hurricanes. Nevertheless, nor'easters affect New York c The 1938 hurricane probably had lower pressure at landfall, but it went unrecorded. d Land can subside or "sink" for many reasons. At the Battery, the primary cause is a process known as glacial isostatic adjustment, whereby the land is still responding to the retreat of the ice sheets during the last ice age.
City more frequently (several times a year) than do hurricanes (Karvetski et al., 2009) , and their impacts can be large, in part because their lengthy duration leads to longer periods of high winds and high water than are experienced during tropical cyclones.
The greatest coastal inundation occurs when the surge caused by a storm's wind and wave effects coincides with high astronomical (or "non-storm") tides. At the Battery, the mean range of tide e is 4.5 feet but can be as large as 7.7 feet f during the most extreme spring tides g (NOAA Tides and Currents, 2013; Orton et al., 2012) .
Because of the complexity of the New York City coastline, there is often a large spatial variation in the extent and timing of flooding associated with any particular storm. High tides and waves associated with nor'easters can lead to significant flooding and beach erosion (Hondula and Dolan, 2010) . In the case of Hurricane Sandy (see Box 2.1), one of the reasons coastal flooding was so devastating for southern parts of New York City was that the peak storm surge occurred near high tide. Had the storm struck a few hours earlier or later than it did, coastal flood damage would have been much higher elsewhere, including other parts of the city such as Hunts Point in the Bronx.
e The mean range of tide is defined as the difference in height between mean high water and mean low water (NOAA Tides and Currents, 2013) . f The maximum range of tide is defined as the difference in height between NOAA's highest astronomical tide (HAT) and lowest astronomical tide (LAT). g A tide near the time of a new or full moon, when there is the greatest difference between high and low water. Observed changes in the frequency and intensity of coastal storms can also be provided for large geographic regions. There has been an increase in the overall strength of hurricanes and in the number of strong (category 4 and 5) hurricanes in the North Atlantic Basin since the early 1980s . However, it is unclear how much of the observed trend is due to natural variability (Seniveratne et al., 2012) , increases in greenhouse gas (GHG) concentrations (Hegerl et al., 2007) , and/or other changes such as a reduction in aerosol pollution h in recent decades (Booth et al., 2012) . There is also some evidence of an overall increase in storm ach Aerosols can influence hurricanes both by blocking sunlight from heating the upper ocean and through local changes in cloud formation. tivity near the northeastern U.S. coastline during the second half of the 20th century from 1950 to 2010 . Studies have also noted increases in coastal flooding during the past century along the United States East Coast (Grinsted et al., 2012) and in the New York metropolitan region (Talke et al., 2014) . Coastal flooding has been influenced by historical changes in sea level in addition to changes in storm frequency and intensity.
Sea level rise and coastal storm projections
This section describes the methods used to project future sea level rise for New York City and presents the projections (see Appendix I for infographics of projections and Appendix IIB for details of the methods ). Church et al., 2011; Milly et al., 2010 * See Appendix IIB for a full description of the "fingerprints."
Sea level rise methods and components
The NPCC2 sea level rise projections for New York City have been developed using a component-bycomponent analysis ( Fig. 2.2 ; Table 2 .1).
Other published studies (e.g., Kopp et al., 2014; Perrette et al., 2013; Slangen et al., 2012) have taken a similar regionalized approach to sea level rise projections using different sources of information (e.g., set of climate models) and assumptions (e.g., for vertical land motion and ice sheet mass loss).
For each of the components of sea level change, the NPCC2 estimated the 10th, 25th, 75th, and 90th percentiles of the distribution. The sum of all components at each percentile is assumed to give the aggregate sea level rise projection. The sea level rise projections were also extended to 2100 (the methodology is described in Appendices IIA and IIB).
The NPCC2 90th percentile projections are generally comparable to the rapid ice melt scenario of NPCC 2010. Whereas NPCC 2010 included two sea level rise projection techniques, NPCC2 consolidates the projections for all percentiles into a single methodology.
Future sea level rise
As shown in Table 2 .2 and Figure 2 .3, the middlerange (25th to 75th percentile) sea level rise projection in New York City is an increase of 4 to 8 inches in the 2020s, 11 to 21 inches in the 2050s, 18 to 39 inches in the 2080s, and 22 to 50 inches by 2100. Sea level rise is projected to accelerate as the century progresses and could reach as high as 75 inches by 2100 under the high estimate (90th percentile).
New York City's sea level rise projections exceed the global average, primarily due to local land subsidence and global climate model projections that ocean height along the Northeast coastline may increase faster than global average ocean height due in part to projected weakening of the Gulf Stream current (Yin et al., 2009 (Yin et al., , 2010 . The range of projected sea level rise grows as the century progresses, primarily because of uncertainties about how much the ice sheets will melt as temperatures rise.
At the 90th percentile, the NPCC2 late-century sea level rise projections are higher than those of Kopp et al. (2014) . This is primarily due to (1) differing representation of the tail of the sea level rise distribution in Kopp et al., which is based on a combination of Bamber and Aspinall's (2013) estimate and that of IPCC AR5 (Church et al., 2013) , and (2) the assumption by Kopp et al. that sea level rise components are independent.
Flood heights and recurrence intervals
Sea level rise is projected to yield large changes in the frequency and intensity of coastal flooding, even if storms themselves do not change at all (Table 2. 3). By the 2050s, the middle range sea level rise projections are associated with approximately a doubling of the probability of the historical 100-year coastal flood (the 100-year coastal flood event refers to the flood with a 1% annual chance of occurrence). By the 2080s under the middle range, the historical 100-year event is projected to occur approximately 2 to 4 times more often. Even under the low sea level rise estimate, coastal flood frequency would approximately double by the 2080s. Under the high sea level rise estimate, coastal flood frequency would increase more than ten-fold, turning the 100-year flood into an approximately once per eight year event. The next section addresses potential changes in coastal storms themselves.
Coastal storms
The balance of evidence suggests that the strongest hurricanes in the North Atlantic Basin may become more frequent in the future, although the total number of tropical storms may decrease slightly (Christensen et al., 2013; see Table 2 .4). i The implications for the New York metropolitan region, however, are unclear because individual storm tracks are highly variable, and potential changes in tropical cyclone tracks are poorly understood (Kozar et al., 2013; Christensen et al., 2013) . As the ocean and atmosphere continue to warm, intense precipitation from i A few recent studies based on downscaled CMIP5 global climate models have projected an increase in the number of 21st-century tropical storms (Emanuel, 2013) , at least through midcentury (Villarini and Vecchi, 2012; . Unknown -a >50% probability of occurrence Sources: hurricanes will more likely than not increase on a global scale (Knutson et al., 2010; , although the implications for the more limited New York metropolitan region are unclear because so few tropical cyclones impact the region. It is unknown how nor'easters in the region may change in the future. 
Conclusions and recommendations
Sea level rise in the New York metropolitan region is projected to accelerate as the century progresses and could reach as high as 75 inches by 2100 under the NPCC2 high estimate. New York City's sea level rise is projected to exceed the global average due to land subsidence and changes in ocean circulation, increasing the hazard posed to the New York metropolitan region's coastal population, infrastructure, and other built and natural assets. Although projected changes in coastal storms are uncertain, it is virtually certain (>99% probability of occurrence) that sea level rise alone will lead to an increased frequency and intensity of coastal flooding as the century progresses. Although these sea level rise projections are New York region specific, projections based on similar methods would not differ greatly throughout the coastal corridor from Boston to Washington, DC (see e.g., Tebaldi et al., 2012; Kopp et al., 2014) . Exceptions would include locations experiencing more j One recent study ) using CMIP5 models projects that nor'easter tracks could shift to the west. rapid changes in local land height, such as land subsidence due to excess groundwater extraction.
In the face of uncertainty about the future frequency and intensity of coastal storms, two critical messages are that (1) New York City is highly vulnerable to coastal storms today, and (2) even low-end sea level projections can be expected to increase the frequency and intensity of coastal flooding, absent any changes in storms themselves.
Although the NPCC projections have focused on the 21st century, sea level rise is projected to accelerate into the 22nd century even if heat-trapping GHG concentrations stabilize later this century. Reducing GHG emissions in the near term is critical to minimizing that long-term acceleration.
More research is needed on how the Greenland and West Antarctic ice sheets will respond to climate change because these ice sheets are the largest long-term source of "high-end" uncertainty. Future research efforts should also explore the relationship between the different sea level rise components as well as the relationship between those sea level rise components and coastal storm risk. For example, research is needed on the potential correlation between dynamic sea level along the northeastern U.S. coast and coastal storm risk (Horton and Liu, 2014) .
As understanding grows of how coastal storms may change with climate change, it will become possible to combine changing storm and sea level hazards into integrated projections of coastal flood exposure. Another important area of research is how sea level rise may impact coastal flooding and wave damage associated with a given coastal storm.
